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Abstract
High-quality heteroepitaxial LaNiO3 (LNO) thin films were successfully grown on SrTiO3 (STO) substrates with RF-magnetron sputtering
deposition at substrate temperatures in a range 150–650 ◦C. Azimuthal scans around the surface Bragg peak of the film and lattice images from
a high-resolution transmission electron microscope (HRTEM) show that a well epitaxial relationship between film and substrate is achievable
t
w
©
K
1
b
f
t
t
w
[
a
e
t
b
i
A
a
t
b
c
0
dhrough RF sputtering growth. BaTiO3/SrTiO3 (BTO/STO) artificial superlattices subsequently deposited on LNO-coated STO substrates
ith RF sputtering were found also to have a large dielectric constant and a small dissipation factor.
2005 Elsevier B.V. All rights reserved.
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. Introduction
Perovskite-type oxide thin films are useful materials
ecause of their simple crystal structures and unique
erroelectric, dielectric and optical properties. Great in-
erest in investigating ferroelectric thin films arises from
heir applications in integrated-circuit memories, optical
aveguides, pyroelectric imaging sensors and microelectrics
1–4]. Major effort has been devoted to the fabrication of
n epitaxial ferroelectric superlattice for its potential in
nhancing the properties of ferroelectric films [5–11]. In
hat work, it was found that the preparation of a high-quality
ottom electrode is crucial and that an epitaxial electrode
s required for the formation of ferroelectric superlattices.
mong various electrode materials, LaNiO3 (LNO) has
ttracted much attention because it is not only an important
hin-film material in many optical and electrical applications
ut also a conducting electrode for ferroelectric thin-film
apacitors [12–16]. As LNO has a perovskite structure,
∗ Corresponding author. Tel.: +886 3 5780281x7120; fax: +886 3 5783813.
like ferroelectric layers, LNO has a useful crystallographic
compatibility with ferroelectric layers and is considered a
promising alternative for Pt-based electrodes [17–19].
Various growth techniques such as molecular-beam
epitaxy (MBE) and pulsed-laser deposition (PLD) have
been used to grow epitaxial films of complex oxides. Both
PLD and MBE possess advantages of maintaining control
of stoichiometry, crystal structure, crystal orientation, etc.
Therefore, high-quality epitaxial oxide films of perovskite
type are generally prepared by either PLD or MBE at high
temperatures [20–21]. For example, epitaxial or textured
LNO thin films have been grown on (1 0 0) substrates of
LaAlO3, SrTiO3 (STO) and yttria stabilized zirconia (YSZ)
by PLD [22] and on substrates sapphire (0 0 1) and MgO
(1 0 0) with a spray-ICP technique [23]. In view of compati-
bility with industrial fabrication processes, the growth of an
epitaxial LNO film by radio-frequency (RF)-magnetron sput-
tering deposition is highly desirable. Highly (1 0 0)-oriented
or epitaxial LNO films with a resistivity ∼0.5 m cm on
various substrates have been successfully prepared with RF
magnetron sputtering at temperatures 150–500 ◦C [15,24].E-mail address: hylee@nsrrc.org.tw (H.-Y. Lee). They can serve also as an effective surface for subsequent
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growth of textured ferroelectric thin films [12–16]. Even
though some progress has been made, a technique for growth
of high-quality epitaxial LNO films with RF magnetron
sputtering is not yet well established. For this reason our
work focuses on the growth of epitaxial LNO thin films
by RF-sputtering deposition. Here we report the successful
preparation of high-quality heteroepitaxial LNO thin films on
a STO substrate with RF sputtering at substrate temperatures
in a range 150–600 ◦C. We also demonstrate the successful
preparation of BaTiO3/SrTiO3 (BTO/STO) artificial super-
lattices on LNO-coated STO substrates with RF sputtering.
2. Experiments
LNO thin films were deposited on a STO (1 0 0) substrate
with RF magnetron sputtering. Sputtering targets of LNO
were prepared on sintering calcined La2O3 and NiO powders
(both of 99.99% purity) in a stoichiometric molar ratio at
950 ◦C for 2 h. Samples of LNO and BTO/STO artificial
superlattices investigated in our work were grown with a
computer-controlled RF-sputtering system. Before deposi-
tion, the background pressure of sputtering chamber was less
than 3× 10−6 Pa. The substrate was then annealed at 650 ◦C
for 30 min in an oxygen atmosphere (2 Pa) to clean the
surface. For LNO deposition, the sputtering was performed
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Fig. 1. Schematic diagram of the BaTiO3/SrTiO3 superlattice structure de-
posited on a LNO-coated STO substrate.
experiments were performed at wiggler beamline BL-
17B1 of National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. Incident X-rays were focused
vertically with a mirror and made monochromatic to an
energy 8 keV with a Si(1 1 1) double-crystal monochromator;
the sagittal bend of the second crystal focused the X-rays
in the horizontal direction. With two pairs of slits between
sample and detector, the typical scattering vector resolution
in the vertical scattering plane was set to ∼10−4 nm−1 in
these experiments.
3. Results and discussion
3.1. LNO thin ﬁlms on a STO substrate
We investigated the epitaxial relation with in-plane X-ray
scattering on these films using a grazing-incidence scatter-
ing geometry. The distribution of X-ray intensity for a radial
scan around the STO (1 0 0) surface Bragg peak from a LNO
film (deposited at 500 ◦C, thickness ∼23 nm) is shown in
Fig. 2. The angle of incidence was fixed at 0.3◦ with respect
to the sample surface during the measurement. Values of H,
K, and L given in this paper are expressed in reciprocal lat-
tice units (r.l.u.) referred to the RT SrTiO3 lattice parameter
(0.3905 nm). A broad feature coexists with the sharp Bragg
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cith a highly pure gas (25% O2 + 75% Ar) at a working
ressure 2 Pa. The substrate was heated with a heating stage
eneath the substrate holder. The sample temperature was
easured with a thermocouple in contact with the substrate;
his temperature was varied from room temperature (RT) to
00 ◦C. To obtain epitaxial LNO thin films, we varied the
ubstrate temperature and input power density systemically.
e found that for a substrate temperature below 150 ◦C
r above 600 ◦C and for an RF input power density above
W cm−2 only partially crystalline or polycrystalline films
ere grown, whereas epitaxial LNO was obtained under
onditions of substrate temperature 150–600 ◦C and power
ensity 2.5 W cm−2. Details of these investigations will be
eported elsewhere; in this paper we concentrate on the
tructure of the epitaxial LNO overlayer and the properties
f BTO/STO superlattices grown on LNO. On top of LNO-
oated (prepared at 500 ◦C, thickness 80 nm) STO substrates,
e grew BTO and STO alternately with RF sputtering to
abricate BTO/STO artificial superlattices (SL). For this
ultilayered structure, the sputtering was performed with a
ower density 2.5 W cm−2 for BTO and 4 W cm−2 for STO
ith a highly purified gas (25% O2 + 75% Ar) at a working
ressure 2 Pa. The substrate temperature was varied system-
tically from 400 to 650 ◦C. Both BTO and STO sublayers
ere 4 nm thick (∼10 unit cells) and the superlattices contain
0 periods of BTO/STO bilayers. A schematic diagram of
he designed superlattice structure appears in Fig. 1.
As-deposited LNO and BTO/STO superlattice films were
haracterized with high-resolution X-ray diffraction using
synchrotron as source of X-rays. These X-ray scatteringine, which originates from the substrate. This broad feature
s ascribed to the Bragg peak of the deposited layer, as is
onfirmed on variation of relative intensity between the two
eatures as a function of angle of incidence. A  scan (az-
muthal scan) across the {1 0 0} surface peaks of the film
learly shows four-fold symmetry, as displayed in the inset
f Fig. 2. These results constitute strong evidence for good
pitaxy of the deposited layer on the substrate.
Measurement of a grazing-incidence crystal truncation rod
CTR) about the (1 1 1) Bragg peak, as shown in Fig. 3, pro-
ides further structural information. For the RT film (filled
ircles), the (1 1 1) reflection consists of a single, sharp line
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Fig. 2. In-plane grazing-incidence X-ray diffraction measurements of a LNO
film deposited at 500 ◦C along the (1 0 0) in-plane Bragg peak. The inset plot
shows a  scan (azimuthal scan) across the {1 0 0} surface peak of the film.
indicating long-range order of the substrate. In contrast, for
a film deposited at 500 ◦C (open circles), distinct satellite
fringes indicate that not only an effective epitaxial relation
with the substrate has been developed along the (1 1 1) plane
but also a smooth surface and interface has been achieved.
This also again confirmed that we can grow high-quality epi-
layer of LNO film on STO substrate by RF sputtering.
To confirm these X-ray diffraction results, we examined
the LNO films also with a high-resolution transmission
electron microscope (HRTEM) operated at 400 keV. Fig. 4(a)
illustrates the HRTEM cross-sectional lattice image of a
sample prepared at 500 ◦C. We also performed a fast
Fourier transform (FFT) and subsequent inverse fast Fourier
transform (IFFT) on images of three selected regions, which
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Fig. 4. (a) HRTEM cross-sectional lattice image of a LNO film prepared at
500 ◦C and selected-area electron-diffraction (SAED) patterns together with
the lattice image for (b) and (e) a STO substrate; (c) and (f) a LNO/STO
interface; (d) and (g) a LNO overlayer.
are located at the substrate, interface and LNO overlayer.
The obtained diffraction patterns and lattice images are
displayed in (b)–(d) and (e)–(g), respectively. According to
these lattice images, the LNO film clearly has a good epitaxy
with the STO substrate. It is notable also that there exists
a transition layer ∼1.5 nm thick between the film and the
substrate, which has a well matched lattice but a structure
different from those of the film and the substrate.
3.2. BTO/STO artiﬁcial superlattices deposited on the
LNO-coated STO substrate
Fig. 5 illustrates the (00L) CTR from the BTO/STO
superlattice deposited on the LNO-coated STO substrate
at 650 ◦C. Both BTO and STO sublayers are 4 nm thick
(∼10 unit cells) and the superlattices contain 20 periods ofig. 3. Grazing-incidence crystal-truncation-rod (CTR) measurements
round the (1 1 1) Bragg peak for two LNO films grown at RT (filled circles)
nd 500 ◦C (open circles).
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Fig. 5. Intensity distribution of the (0 0 L) CTR for a BTO/STO superlattice
deposited on a LNO-coated STO substrate at 650 ◦C.
BTO/STO bilayers. The intense, sharp feature centered at
L= 1 is the SrTiO3 (0 0 1) reflection from the substrate; the
broad shoulder on the large L side is ascribed to the (0 0 1)
peak of the LNO bottom layers. The clearly discernible
main feature located at L= 0.955 and satellite features on
both sides of the main feature indicate the high quality of
the BTO/STO artificial superlattice structure formed on a
LNO-coated STO substrate with RF sputtering.
The epitaxial relation between the BTO and STO
layers in the superlattice is demonstrated by the in-plane
orientation with respect to the major axes of the STO
substrate. The azimuthal (1 0 1) diffraction patterns of a
(BTO4nm/STO4nm)× 20 superlattice film deposited on the
LNO-coated STO substrate at 500 ◦C in the vicinity of the
main feature are shown in Fig. 6. The four features at 90◦
intervals to each other have nearly the same intensity. No
other features are observed in intervals between these four
peaks, indicating that alignment of a and c axes of BTO
and STO unit cells along the STO substrate is essentially
F
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Fig. 7. X-ray reflectivity curve for a superlattice film deposited on a LNO-
coated STO substrate at 550 ◦C with its best fitted results.
perfect, i.e., [1 0 0]BTO//[1 0 0]STO//[1 0 0]Substrate, and
[0 0 L]BTO//[0 0 L]STO//[0 0 L]Substrate.
Fig. 7 shows an X-ray reflectivity curve of BTO/STO artifi-
cial superlattices deposited on the LNO-coated STO substrate
at 550 ◦C. For specular scattering, the wave-vector trans-
fer has only a perpendicular component, qz = 4π sin θi/λ, in
which θi is the incident angle and λ is the wavelength of the
X-ray. The reflectivity curves exhibit a typical shape in which
are discernible the superlattice peaks, providing evidence for
a vertically periodic modulation of composition. As the real
part of the refractive index is slightly smaller than unity for
all materials, total external reflection occurs for θi≤ θc; θc is
the critical angle of total reflection. The increased reflectivity
within an angular range between 0 and θc is due to a surface
effect. At a small incident angle, the footprint of the beam is
generally larger than the sample surface, and only part of the
light is reflected. The magnitude of the oscillation amplitude
and the overall intensity depend on the roughness of the film
surface and interface [25,26].
The theory of specular reflectivity is based on the recursive
formalism of Parratt [27]. To determine physical parameters
of the superlattice, such as roughness, thickness and density,
we fitted the reflectivity data with the BedeREFS Mercury
code [28]. For each reflectivity curve, the diffuse scattering
was first subtracted carefully. Within the Born approximation
[29], the distance between two Bragg peaks is inversely pro-
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tig. 6.  Scan (azimuthal scan) of the (1 0 1) main peak for a
BTO4nm/STO4nm)× 20 superlattice deposited on a LNO-coated STO sub-
trate at 500 ◦C.ortional to the stacking periodicity of the superlattice; this
eriod is estimated roughly from the interdistance of Bragg
eaks according to a formula 2π/qz, which provides us with
starting point for our fitting. According to the fitted result
resented in Table 1, the thickness of each sublayer is well
onsistent with the design value and the densities of BTO and
NO sublayers are slightly less than those of the bulk val-
es, which likely resulted from an increased defect density
hrough thin-film deposition at high temperature [30]. This
henomenon was reported for other material systems [31,32].
A layer of Pt was subsequently deposited on the su-
erlattice structure at RT as a top electrode for dielectric
ests. The dielectric properties of BTO/STO superlattice films
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Table 1
Parameters obtained from best fitted results of reflectivity curve of a BTO/STO superlattice deposited on a LNO-coated STO substrate at 550 ◦C
Sample Layer Thickness, t (nm) Roughness, σ (nm) Density, ρ (g cm−3)
(BTO4nm/STO4nm)× 20 Transition layer 1.52 0.21 (transition layer/substrate) 6.82
LNO 80.02 0.24 (LNO/transition layer) 6.944
STO 4.01 0.28 (STO/LNO) 5.016
BTO 4.03 0.27 (interface) 5.873
0.28 (surface)
The relative standard deviations of the fitted data are t≤ 2%, ρ≤ 2% andσ≤ 6%. The thickness of SrTiO3 substrate is set as infinite and the bulk density is
fixed at 5.118 g cm−3. The bulk density of BTO is 6.018 g cm−3 and that of LNO is 7.086 g cm−3. The interface roughness is an average value of superlattice
structure.
Fig. 8. Dielectric constant of BTO/STO superlattices (solid circles) and dis-
sipation factor (open circles) structure as a function of deposition tempera-
ture.
in the Pt/(BTO/STO)SL/LNO/STO configuration were mea-
sured with an impedance analyzer (HP 4192). The filled and
open circles in Fig. 8 depict, respectively, the dielectric con-
stant (ε) and dissipation factor (tan δ) measured at a frequency
10 kHz as a function of temperature of superlattice deposi-
tion. The dielectric constant of deposited films increases from
300 to 640 with substrate temperature increasing from 400 to
650 ◦C. This result indicates that the crystalline quality of a
BTO/STO superlattice improves with increasing temperature
of deposition, although all films were epitaxially grown on
the LNO electrode. The largest dielectric constant value 640,
obtained for a film deposited at 650 ◦C, is four times that of
BTO (ε∼ 155) or STO (ε∼ 150) single-phase films prepared
under the same conditions. Our results clearly show that the
dielectric properties of superlattices grown with RF sputter-
ing can be as large as those prepared with PLD or MBE but
the RF process is compatible with current industrial fabrica-
tion. Moreover, the obtained dissipation factors are small (tan
δ< 0.02) for all samples.
4. Conclusions
In summary, we have successfully grown high-quality het-
eroepitaxial LNO films on STO substrates with RF-sputtering
d ◦
fi
o
superlattices, which are also grown with RF sputtering, ex-
hibit a large dielectric constant and a small dissipation factor.
This development provides a new approach for fabricating
artificial superlattice structures with RF sputtering.
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